The purpose of this study was to determine the yield of DNA base damages, deoxyribose damage, and clustered lesions due to the direct effects of ionizing radiation and to compare these with the yield of DNA trapped radicals measured previously in the same pUC18 plasmid. The plasmids were prepared as films hydrated in the range 2.5 Ͻ ⌫ Ͻ 22.5 mol water/mol nucleotide. Single-strand breaks (SSBs) and double-strand breaks (DSBs) were detected by agarose gel electrophoresis. Specific types of base lesions were converted into SSBs and DSBs using the baseexcision repair enzymes endonuclease III (Nth) and formamidopyrimidine-DNA glycosylase (Fpg). The yield of base damage detected by this method displayed a strikingly different dependence on the level of hydration (⌫) compared with that for the yield of DNA trapped radicals; the former decreased by 3.2 times as ⌫ was varied from 2.5 to 22.5 and the later increased by 2.4 times over the same range. To explain this divergence, we propose that SSB yields produced in plasmid DNA by the direct effect cannot be analyzed properly with a Poisson process that assumes an average of one strand break per plasmid and neglects the possibility of a single track producing multiple SSBs within a plasmid. The yields of DSBs, on the other hand, are consistent with changes in free radical trapping as a function of hydration. Consequently, the composition of these clusters could be quantified. Deoxyribose damage on each of the two opposing strands occurs with a yield of 3.5 ؎ 0.5 nmol/J for fully hydrated pUC18, comparable to the yield of 4.1 ؎ 0.9 nmol/J for DSBs derived from opposed damages in which at least one of the sites is a damaged base. ᭧
INTRODUCTION
Direct ionization of DNA creates sites of electron loss and electron gain in DNA. The former, referred to as radical cations or holes, are initially distributed between the deoxyribose-phosphate backbone and the four bases in accor-dance with the number of electrons per constituent (the Bragg rule). The holes are either trapped at the initial site of ionization or migrate short distances before being trapped; in either case, deprotonation is the key trapping event (1, 2) . The redistributed holes are trapped selectively, primarily by deoxyribose and the guanine base, and the sites of electron gain (radical anions) are predominantly pyrimidines (3, 4) . These one-electron transfer reactions are summarized in reactions (1) (2) (3) , and the free radical structures, except for dRib(C nЈ -H)
• , are given in Scheme 1. dRib(C nЈ -H)
• represents any of the five deoxyribose radicals formed by a net loss hydrogen from one of the five deoxyribose carbons; in Scheme 1, an example is given for the C1Ј radical, dRib(C 1Ј -H)
• .
•ϩ Ϫ DNA ionization → DNA ϩ e (1)
nЈ 1Ј
DNA ϩ e → Cyt(N ϩH) or Thy (3) 3 The spatial distribution of these trapped radicals is nonhomogenous (5), as is expected from the track structure of energy deposition events created in any solid-phase material. It has proven advantageous to break the structure of a track into three discrete components defined by the range of energy-loss events within the component and the shape of the volume containing the events. These are (1) spurs: Ͻ100 eV in a sphere, (2) blobs: 100 to 500 eV in a sphere or ellipsoid, and (3) short tracks: 500 to 5000 eV in a cylinder (6) . The ratio for energy partitioning between these components, based on computational methods applied to water (7) , is 0.75:0.12:0.13, respectively. Of importance here is the fact that the initial events are laid down in clusters (8) and that some sense of cluster size can be taken from the diameter of a spur in water, for which estimates range from 2 nm to 5 nm (9) . About half of these initial events are ionizations, and each ionization results in a hole and an ejected electron. The ranges of these holes and electrons, before and after thermalization, govern the extent to which the trapped radicals themselves will be clustered. Clustering of trapped radicals is observed for organic solids in general (10) and DNA in specific (5) .
The structure and trapping of DNA radicals have been 358 PURKAYASTHA, MILLIGAN AND BERNHARD Scheme 1 studied extensively at Յ77 K by EPR spectroscopy (3, 11, 12) . It is known that energy deposition in the tightly bound waters of DNA's inner solvation shell give rise to the same set of reactions, (1) (2) (3) , in DNA at low temperatures, and that the radicals are formed with yields similar to those obtained when DNA itself is ionized. The inner shell, consisting of 10 mol water per mol nucleotide (⌫ Յ 10), transfers the holes and electrons generated therein to the DNA. In the outer shell, consisting of ϳ12 mol water per mol nucleotide (10 Ͻ ⌫ Յ ϳ22), deprotonation of H 2 O •ϩ is faster than hole transfer so as to favor HO
• formation (13, 14) . In contrast, the electrons generated from the entire solvation shell, 2.5 Ͻ ⌫ Յ ϳ22, are trapped by DNA with yields comparable to ionization of DNA itself (15) . Previous results (16) indicate that the distribution of all trapped radicals will be ϳ90% on the bases and ϳ10% on the sugar-phosphate backbone.
It is our goal to determine qualitatively and quantitatively the role of these free radical intermediates in final product formation and how these reactions are influenced by the solvation shell. This requires analytical methodology that has a sensitivity comparable to that of EPR. The use of gel electrophoresis to measure strand breaks in plasmid DNA readily fulfills this requirement. By measuring free radical and strand break formation in the same plasmid samples, we have discovered that the yield of trapped dRib(C nЈ -H)
• is insufficient to account for the yield of SSBs in pUC18 films irradiated at 4 K (17, 18) . To explain this shortfall, we hypothesized that direct ionization produces deoxyribose damage that is invisible to EPR, i.e., damage that is diamagnetic. We suggested that the diamagnetic damage consists of carbocations formed by two one-electron oxidations: the first by direct ionization and the second by electron transfer to a base radical cation (Base ), as shown in reaction (4) . When this reaction occurs within an ionization spur, the reaction is complete prior to EPR measurement and thus the dRib(C nЈ -H)
• are not observed; in the case where the radicals escape recombination, this reaction may occur when the base radical cation is mobilized by warming. Upon warming of the plasmid film to room temperature and after dissolution in water, reactions (5) and (6) are proposed to account for SSB formation. Reaction (4) raises the possibility that base damage influences deoxyribose damage (19) , which increases the importance of understanding the evolution of base damage in the same plasmid samples.
The initial radicals generated by reactions (2) and (3) are unstable at higher temperatures, and thus, when samples irradiated at low temperatures are warmed or samples are irradiated at room temperature, these radicals give rise to a reaction sequence that results in radicals that are more stable and eventually in stable end products. The reactions given below represent our current model for explaining end product formation based on the initial radicals. The model is based on a rather large body of work that has been presented previously (20) and reviewed recently (9, 21, 22) . Two of the major base products, stemming from one-electron oxidation of the DNA base stack, are 8oxoGua and fapyGua (23) . The precursor for both is Gua(C8ϩOH)
• , which is formed by hydroxide addition to the guanine radical cation (reactions 7 and 8) (24, 25) . One-electron oxi-359 X-RAY-INDUCED DAMAGE IN PLASMID DNA dation of Gua(C8ϩOH)
• leads to 8oxoGua (reaction 9) while reduction leads to fapyGua (reaction 10) (26, 27) . The oxidant and reductant, in the case of DNA films, are believed to consist primarily of other radiation-generated radicals.
•
The two major products stemming from reduction of DNA are DHUra and DHThy. DHUra formation is initiated by the capture of an electron by cytosine, which subsequently protonates at either C5 or C6 (reaction 11) (28, 29) and upon a second one-electron reduction results in dihydrocytosine (reaction 12). DHCyt in water deaminates via reaction (13) to give DHUra. Similarly DHThy is formed by a reaction sequence (reactions 14 and 15) that is initiated after electron capture by thymine. Thus, under anaerobic conditions, the 5,6-dihydropyrimidine products (5,6-DHThy and 5,6-DHUra) are the stable end products derived from the one-electron reduction of the neutral pyrimidine radicals, T(C 6 ϩH)
• and C(C 6 ϩH)
• (30).
• • Cyt(C ϩH) ϩ reductant → DHCyt (12) 5, 6 DHCyt ϩ H O → DHUra ϩ NH
2 3
6
• Thy(C ϩH) ϩ reductant → DHThy (15) 6 Base damage in the same plasmid system used to measure free radical and SSB yields can be measured by treating the plasmid DNA with enzymes that excise specific base products and create additional SSBs that can be quantified at the same high sensitivity as the prompt strand breaks (31, 32) . DNA glycosylases, e.g. bacterial Nth protein and formamidopyrimidine-DNA glycosylase (Fpg), are involved in the first step of the base excision repair to remove these specific modified bases from DNA (33) (34) (35) (36) . These create an abasic site (AP site, for apyrimidinic/apurinic site) that is subsequently cleaved by their AP lyase activity, creating a gap in the DNA strand. The base excision repair enzymes, endonuclease III (Nth) and formamidopyrimidine-DNA glycosylase (Fpg), primarily recognize damaged pyrimidines and purines, respectively. The Nth protein (33, 34) possesses broad substrate specificity for cytosine-and thymine-derived lesions. It excises, among others, ring saturated pyrimidines such as 5,6-dihydropyrimidines (DHThy and DHUra), 5-hydroxypyrimidines (5-OH-Cyt and 5-OH-Ura), and thymine glycol. The uracil derivatives in DNA result from the deamination of the products of cytosine (37) . The Fpg protein excises mainly the 8-oxo derivatives of guanine (8oxoG), and adenine (8oxoA) and the formamidopyrimidine derivatives of both guanine (FapyG) and adenine (FapyA) (35, 36) . Though both these enzymes have largely non-overlapping base damage substrate specificities (37, 38) , it is worthwhile to note that 5-hydroxycytosine (5-OH-Cyt) and 5-hydroxyuracil (5-OH-Ura) are both substrates for Fpg and Nth (39) . More recently, a purine-derived lesion, FapyAde, was shown to be a substrate of the Nth enzyme (40) , and DHThy was found to be a substrate for the Fpg protein (41, 42) . Both enzymes recognize and introduce SSBs at abasic sites (43, 44) . Swarts et al. (23) reported the first measurements of specific base damage products generated by the direct effect in DNA. For 2.5 Ͻ ⌫ Ͻ 13 mol water/mol nucleotide, the yields (target mass ϭ DNA ϩ solvation shell) were seen to be relatively constant and the largest yields were for 8oxoG (84-101 nmol/J), FapyG (12-21 nmol/J), and DHThy (26-67 nmol/J), consistent with the base radicals found in low-temperature EPR studies. However, the yields of 5,6-dihydropyrimidines that are formed due to the reaction of electrons with thymine and cytosine are seen to decrease dramatically in DNA hydrated from ⌫ ϳ 10 to ⌫ Ͼ 36 mol water/mol nucleotide. They concluded that at higher hydrations (⌫ Ͼ 13), changes in DNA conformation and an increase in the attack of bulk water radicals on DNA play a significant role in the formation of radiation-induced DNA base damage products. Yokoya et al., who applied endonuclease Nth and Fpg to plasmid films, found that treatment with both enzymes raises the SSB and DSB yields almost threefold. For DNA hydrated to ⌫ ϭ 34.5, they reported (using target mass ϭ DNA only) a value of 7.2 Ϯ 0.7 nmol/J for prompt DSBs and 23.7 Ϯ 1.0 nmol/J for DSBs due to prompt plus cleavage by Nth and Fpg (45) . They proposed that clustered damage, containing enzyme-sensitive sites, is produced in hydrated DNA by direct effects.
The present study aimed to determine how free radical formation in X-irradiated DNA correlates with the induction of base and backbone lesions as a function of hydration (⌫). In this work, strand breaks were measured in pUC18 (2686 bp) samples variably hydrated in the range 2.5 Ͻ ⌫ Ͻ 22.5 in both the absence and presence of specific excision enzymes. (We avoid using the term ''prompt'' as a label for strand breaks measured with no enzyme present to avoid possible confusion with the more common use of prompt strand breaks to define breaks occurring at ϳ0ЊC without chemical treatment.) The increase in SSBs when Nth is present provides a measure of pyrimidines damaged by reduction. The increase in SSBs when Fpg is present provides a measure of damaged purines, primarily the products of one-electron oxidized guanine. These results can be compared directly with the yields of free radicals and strand breaks reported previously for these exact same pUC18 samples at various ⌫ (16, 17) .
The quantitative comparison of base damage with strand 360 PURKAYASTHA, MILLIGAN AND BERNHARD breaks and radical precursors enables us to ascertain in an unprecedented fashion a correlation between the initial events of energy deposition and trapping events that eventually fix the damage on the DNA as stable end products.
MATERIALS AND METHODS
The preparation of pUC18 plasmid (2686 bp) has been described previously (16, 18) . Solid-state film samples of pUC18 were equilibrated to various levels of hydration (⌫ ϭ 2.5, 7.5, 11.0, 15 and 22.5 mol water/ mol nucleotide) as described previously (16) . DNA plus its solvation shell makes up from 92 Ϯ 3% to 87 Ϯ 4% of the film mass. The residual mass is sodium phosphate, coming from a small excess of salt in the 5 mM phosphate-buffered starting solution.
X irradiation of DNA films held at 4 K in a Janis Dewar setup (47) was with a Varian/Eimac OEG-76H tungsten target tube operated at 70 kV, 20 mA, and filtered by 25 m aluminum foil. The dose rate was 24 kGy/h. Immediately after irradiation and EPR spectroscopy at 4 K, the DNA films were warmed to room temperature and then dissolved in TE buffer (10 Ϫ2 mol dm Ϫ3 Tris, 10 Ϫ3 mol dm Ϫ3 EDTA, pH 8.0) to 10-fold their weight in volume. An aliquot was used to measure room-temperature and heat-labile (30 min at 75ЊC) strand breaks by agarose gel electrophoresis run at 4ЊC, the yields of which have been published along with the EPR results (17, 18) . In the experiments reported here, the same samples (after warming and dissolution) were used to determine strand breaks at 37ЊC in the absence and presence of enzyme.
Enzyme Incubation and Titration
The E. coli base excision repair endonucleases formamidopyrimidine-DNA N-glycosylase (Fpg) and endonuclease III (Endo III or Nth) were obtained from Trevigen Inc. Aliquots at a concentration of 0.1 g/l of DNA were mixed with an optimal concentration of Fpg or Nth or a mixture of both and incubated at 37ЊC for 30 min. The optimal concentrations of Nth (8.9 ng per g of DNA) and Fpg (1.12 g per g of DNA) were determined by treatment of pUC18 DNA samples with varying quantities of Nth (0.56-26.7 ng per g of DNA) or Fpg (0.018-1.74 g per g of DNA), respectively. The optimum conditions chosen for both Nth and Fpg do not cause degradation of the supercoiled form of the plasmid DNA. The enzyme reactions were quenched by addition of 10 l of 0.5 M EDTA buffer and then mixed with a loading buffer and kept on ice prior to electrophoresis.
Calculation of Chemical Yield
The chemical yields are based on a target mass consisting of the plasmid DNA, the sodium counterion, and the solvation shell: 2686 bp ϫ 2 solvated nucleotides/bp ϫ (309.5 Da/nucleotide ϩ 23 Da/Na ϩ ⌫ ϫ 18 Da/H 2 O). Because much of the literature uses DNA alone as the target mass, we adopt a notation where the symbol G, for the chemical yield, is primed (GЈ) to delineate the fact that the target mass includes the solvation shell. In the case of the free radical yields measured by EPR, the fraction of the film mass attributable to DNA is determined from an aliquot taken after dissolution by measuring the absorbance at 256 nm. Knowing the amount of DNA and using the above formula, the target mass is calculated. The difference between the actual film mass and target mass is assumed to be excess salt. Excess salt, accounting for 8-13% of the film mass, is considered as inactive with respect to the radiation chemistry of the DNA.
The yields of SSBs were calculated by first fitting the data, plotted as the natural logarithm of the fraction of intact supercoiled DNA as a function of radiation dose, to a straight line. D 0 is then defined as the reciprocal of this slope. Assuming Poisson statistics for SSB induction, D 0 represents the radiation dose required to give on average one SSB per plasmid molecule. The GЈ value for SSB formation is then given by the expression GЈ(SSB) ϭ 10 6 /[D 0 (in Gy) ϫ target mass (in MDa)] when expressed in units of nmol/J.
The yield for double-strand breaks, GЈ(DSB), is determined from the doseresponse plot of the fractional abundance of the linear form of DNA. The data set is fitted with a least mean squares polynomial of the form y ϭ ax 
RESULTS
Incubation of pUC18 with the enzyme Nth, Fpg or a mixture of Fpg plus Nth results in a more rapid loss of supercoiled plasmid with dose than in the absence of enzyme. The slopes of these dose-response curves give the yields referred to as , nomenclature is analogous to that employed for SSB yields. The dose-responses curves used for determining yields of SSBs and DSBs are of the same quality as those reported previously (16, 17) . Both the SSB and DSB yields are reported in Table 1 for five different levels of hydration in the range 2.5 Ͻ ⌫ Ͻ 22.5. The yield of enzyme-sensitive sites, i.e., the damage that is sensitive to Nth or Fpg strand cleavage, corresponds to the difference between the yields in the presence and absence of enzyme. The yields of SSBs generated by enzymesensitive sites are referred to as , , and GЈ (SSB) GЈ (SSB) Nth Fpg and are given in Table 2 . Importantly, the GЈ (SSB) NthϩFpg yields in the absence of enzyme are in excellent agreement with yields determined in our previous study that included the measurement of free radical yields, GЈ(⌺fr) (16, 17) . In that study, high-dose dose-response curves were used to determine the distribution between radicals trapped by the bases and radicals trapped by deoxyribose, giving the respective yields of and . and GЈ (fr) GЈ (fr) GЈ(⌺fr) base dRib along with the ratio /G base (fr) are in-
base NthϩFpg cluded in Table 2 . As shown in the top panel of Fig. 1 , the yields of SSBs with no enzyme present were relatively constant over the entire hydration range, with the trend line showing a small negative slope. This result is expected when damage transfer from the water mass is comparable to direct ionization of DNA (4, 15) . Not expected was the significant decline in the yield of enzyme-sensitive-site induced SSBs as the hydration of DNA increased, with the trend line showing a large negative slope. We consider the implications of these findings in the Discussion. The enzymatically induced increases in DSB yields, , , and , are given in Ta- Notes. The incremental increase was calculated from the yields given in Table 1 : GЈ Nth (SSB) ϭ GЈ noEϩN (SSB) Ϫ GЈ noE (SSB), GЈ Fpg (SSB) ϭ GЈ noEϩF (SSB) Ϫ GЈ noE (SSB), and GЈ NthϩFpg (SSB) ϭ GЈ noEϩNϩF (SSB) Ϫ GЈ noE (SSB). The standard deviations were calculated from the values given in Table 1 using standard statistical methods for sums and products.
a The values of GЈ(⌺fr) at ⌫ ϭ 7.5 and 15.0 mol water/mol nucleotide were calculated by interpolation from the values determined for the other ⌫Јs at 2.5, 11.5 and 22.5 based on free radical partitioning obtained previously (10) .
b GЈ base (fr) was estimated using the relationship GЈ base (fr) ϭ 0.89 ϫ GЈ(⌺fr) (12) , which requires data collection to doses Ͼ1 MGy, i.e., far exceeding the doses used for SSB measurements. the variation in DSB yields dependent on Nth and Fpg combined and DSBs with no enzyme present. In both cases, the yields are relatively constant across the range of ⌫ employed. There is very small negative slope in the trend line when enzyme is absent and a small positive slope (0.07 nmol/m unit Ϫ1 ⌫ with an R 2 value of 0.7) when enzyme is present. These trends conform to expectations and, as discussed below, these data provide a direct measure of the yield of clustered damage.
DISCUSSION

Yields of Clustered Lesions Leading to Double-Strand Breaks
Clustered lesions are defined as two or more lesions (base damage, SSB, abasic site) formed within a ϳ10-bp segment by a single radiation track (48, 49) . Combinations and permutations of specific kinds of damage within a cluster form a set of cluster types; DSBs are a subset of this set. DSBs contain at least one strand-breaking lesion on each of the opposing strands within ϳ10 bp of each other. Here we report the yields of three types of DSBs in which each strand contains one or more of the following lesions: (1) deoxyribose damage opposite deoxyribose damage, (2) Nth-sensitive site opposite Nth-sensitive site or deoxyribose damage, and (3) Fpg-sensitive site opposite Fpg-sensitive site or deoxyribose damage.
The yield of type 1 DSBs is the yield in the absence of enzyme, , which was found to vary from 4.8 Ϯ GЈ (DSB) noE 0.9 nmol/J to 3.5 Ϯ 0.5 nmol/J for ⌫ from 2.5 to 22.5. Over the same hydration range, the yield of type 2 DSBs [measured as the incremental increase due to treatment with Nth, varied from 1.6 Ϯ 1.6 nmol/J to 2.3 Ϯ 0.9 GЈ (DSB)] Nth nmol/J and the yield of type 3 DSBs [measured as the incremental increase due to treatment with Fpg, GЈ (DSB)] Fpg varied from 2.0 Ϯ 1.6 nmol/J to 3.2 Ϯ 0.9 nmol/J. The sites sensitive to Nth are assumed to be primarily reduced pyrimidines, DHUra and DHThy, formed via reactions (11) (12) (13) (14) (15) . The Fpg-sensitive sites are assumed to be derived primarily from oxidized guanine formed via reactions (8) (9) (10) . This assumption is supported by the relatively small difference, ϳ15%, between sites recognized by Fpg and Nth acting independently rather than together. Also, the yields of lesions based on enzyme-sensitive sites should be con- Notes. The incremental increase was calculated from the values given in Table 1 : GЈ Nth (DSB) ϭ GЈ noEϩN (DSB) Ϫ GЈ noE (DSB), GЈ Fpg (DSB) ϭ GЈ noEϩF (DSB) Ϫ GЈ noE (DSB), and GЈ NthϩFPg (DSB) ϭ GЈ noEϩNϩF (DSB) Ϫ GЈ noE (DSB). The standard deviations were calculated from the values given in Table 1 using standard statistical methods for sums and products.
a The values of G base (fr) at ⌫ ϭ 7.5 and 15.0 mol water/mol nucleotide have been calculated by interpolation from the values determined for the other ⌫Јs at 2.5, 11.5 and 22.5 based on free radical partitioning obtained previously (10) . GЈ sugar (fr) was estimated using the relationship GЈ sugar (fr) ϭ 0.11 ϫ GЈ(⌺fr) (12) , which requires data collection to doses Ͼ1 MGy, i.e., far exceeding the doses used for SSB measurements. sidered as lower limits because the degree to which the enzyme reactions are inhibited by other damage in proximity has not been completely elucidated (50) (51) (52) . Our DSB yields are remarkably close to those reported by Yokoya et al. (45) , especially when considering the differences in sample preparation. It is notable that the yield of DSBs in the absence or presence of enzyme is relatively insensitive to the level of hydration in the range 2.5 Յ ⌫ Յ 22.5 (Fig. 1, bottom  panel) . This is expected if the holes and electrons created in the DNA solvation shell transfer to DNA and these radicals subsequently yield damage qualitatively and quantitatively similar to that produced by direct ionization of DNA. Damage transfer of this kind is supported by earlier EPR studies carried out at 4 K and 77 K (4, 15) .
Further insight into the formation of DSBs can be gained by comparing the yield of DSBs directly to the yield of trapped radicals. The data in the lower left portion of Fig.  2 show that remains relatively constant as GЈ (DSB) noE increases from 33 to 79 nmol/J. As the solvation GЈ (fr) sugar shell was filled in, the yield of deoxyribose radicals trapped at 4 K more than doubled, but the yield of DSBs, after those same samples were dissolved in water at room temperature, remained the same. This indicates that the spatial distribution of deoxyribose lesions [dRib(C nЈ -H)
ϩ , and their degradation products] remains relatively constant across the entire hydration range in films at room temperature prior to dissolution.
is larger at high hy-GЈ (fr) sugar dration because combination reactions, such as reaction (4), are partially quenched (at 4 K). When the samples are warmed to room temperature, the base radicals mobilize and ϳ90% of the radicals are typically lost to recombination (53, 54) . Thus the spatial distribution of the strand break precursors becomes indistinguishable from the samples with DNA at low levels of hydration. According to this model, increased hydration increases the fraction of the deoxyribose radicals that can be observed by EPR prior to reactions (4-6) but does not change the overall yield of deoxyribose radicals. of DSB requires at least one base damage on one of the strands, this means that as hydration is increased, a larger fraction of the plasmids contain such base damage. This is consistent with the forward reactions leading to base damage (9, 10, 12 and 15) being more likely to escape backward reactions (4, 16 and 17) at larger values of ⌫.
•ϩ
•Ϫ Gua ϩ Thy → Gua ϩ Thy (16)
3
Yields of Single-Strand Breaks
The yields of SSBs were calculated from the surviving fraction of supercoiled plasmid, described by [ (SSB) . Since D 0 is actually a measure of the yield for loss of supercoiled plasmid, GЈ(sc-loss), this entailed using the approximation GЈ(SSB) ഡ GЈ(sc-loss). This approximation depends on the assumption that there is a one-to-one correspondence between the loss of supercoiled plasmid and the event giving rise to an SSB. The ''single hit'' process predominates and, conversely, the possibility that a single radiation track creates more than one strand break within a plasmid is considered negligible. Poisson statistics is commonly used to describe this process.
Poisson statistics applied to direct radiation damage in macromolecules has been described by Kiefer (55) . For a dose-dependent Poisson process, the probability of observing n hits is P n (D) ϭ e ϪD (D) n /n!, where the probability of an event occurring in an interval of dose dD is dD. In the case of interest, survival of a supercoiled plasmid depends on receiving zero hits. Thus n ϭ 0 and the Poisson distribution becomes P 0 (D) ϭ e ϪD (D) 0 /0! ϭ e ϪD . For the single-hit Poisson distribution, we see that ϭ 1/D 0 , the probability that a plasmid will sustain one SSB in a small interval of dose. In the case of a multiple-hit process (i.e., more than one SSB event per plasmid produced by a single track), n Ͼ 0 and the Poisson distribution is no longer a simple exponential. In this case 1/D 0 ; as the multiplicity of damage per plasmid increases, the use of GЈ(scloss) as a measure of GЈ(SSB) will increasingly underestimate the actual value of GЈ(SSB).
We argue from the data presented here that the GЈ(SSB) ഡ GЈ(sc-loss) approximation becomes less applicable as the yield of SSBs causing events increases. In other words, the apparent SSB yields are less than the actual SSB yields to the degree that single-hit Poisson statistics does not apply. This would be the case if the probability of n ϭ 1, 2, 3, . . . becomes significant. To allow for this circumstance, the values of GЈ(SSB) in Tables 1 and 2 are referred to as apparent, not actual, yields. While the magnitude of the difference between apparent and actual yields cannot be determined from these data, the observations discussed below suggest that this difference is significant. Double-strand breaks represent one type of SSB multiplicity that can be identified. If one assumes that DSBs are due primarily to two ionizations, as opposed to a single low-energy electron (56), then GЈ(DSB) is a measure of the yield of two hits to a 10-bp target volume. If the / ratio is relatively small, as it was in GЈ (DSB) GЈ (SSB) noE noE the absence of enzyme, then the impact of DSBs on the calculation of GЈ(DSB) is negligible. But in a plasmid folded upon itself, the target volume is Ͼ100 times larger. The yield of multiple SSBs within the plasmid volume will be greater than GЈ(DSB). Further, looking at Fig. 1 , we note that the yield of DSBs in the presence of enzymes increased with increasing ⌫. From this observation one should expect that, as DNA becomes more hydrated, the error introduced by using a single-hit Poisson analysis will increase because the degree of clustering clearly increases. The data on enzyme-sensitive sites are particularly revealing with respect to the shortcomings of a single-hit Poisson analysis. In Fig. 1 are relatively poor measures of the actual distribution of base lesions, particularly at high levels of hydrations. In our earlier study comparing pEC (10,810 bp) and pUC18 (2686 bp), the SSB yield for pEC was 60% of the yield for pUC18 (18) . Given our method of calculating chemical yield (see the Materials and Methods), GЈ(SSB) should not vary with plasmid size. This result was hard to explain in terms of either physicochemical mechanisms or inherent differences in the target DNA. But if multiple strand breaks per plasmid is a problem, then the value of GЈ(SSB) for pUC18 would be less than the actual value, and this difference would be even greater for pEC. The increased size for pEC would result in a higher multiplicity of SSBs per plasmid, and thus the number of SSBs missed in pEC would be greater than the number missed in pUC18.
Even though the absolute values for SSBs remain undetermined, other information can be obtained from Tables  1 and 2 by comparing the apparent SSB yields in the absence of enzyme with the actual free radical yields. The apparent yields of SSBs, , decreased slightly as GЈ (SSB) noE the yield of trapped deoxyribose radicals increased by a factor of 2.4 (upper left portion of Fig. 2 ). In terms of our model, this suggests that an increase in the 2 → 6 SSB pathway, which increases and , is com-GЈ (SSB) GЈ (fr) is what would be expected if the radical-radical-combination reaction (4) competes with combination reactions (16) and (17) such that reaction (4) is more competitive during the reactions occurring at 4 K than it is during the reactions activated by thermal annealing. This argument would also account for the interdependence observed between and (lower left portion of Fig. 2 ). The GЈ (DSB) GЈ (fr) noE sugar fact that are actual yields makes this explanation GЈ (DSB) noE even more tenable.
SSB/DSB Ratio
The ratio of / was constant, between GЈ (SSB) GЈ (DSB) noE noE 14 and 16, over the full range of ⌫. But given the concern that values are likely to be on the low side, this GЈ (SSB) noE ratio may prove too small, particularly at high values of ⌫. We note that Yokoya et al. found ratios varying from 10 to 13 (45) .
Balance between Hole Consumption and Electron Consumption
By combining the working model, reactions (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , with the product yields in Tables 1 and 2 , one can check to see if there is a reasonable balance between holes consumed and electrons consumed in product formation. The yields of products due to oxidation clearly exceeded those due to reduction, i.e., ϩ Ͼ . Hole GЈ (SSB) GЈ (SSB) GЈ (SSB) noE Fpg Nth consumption appeared to exceed electron consumption. This is true even at ⌫ ϭ 2.5, where the errors introduced by the single-hit Poisson analysis should be minimized. It suggests that the enzyme based detection method used here missed significantly more reductive damage than oxidative damage.
SUMMARY
It is proposed that induction of SSBs in plasmid DNA through the direct effect cannot be measured accurately using an analysis based on a Poisson process that assumes an average of one strand break per plasmid and neglects the possibility that a single track produces multiple SSBs within a plasmid. Such an analysis is suggested to result in apparent SSB yields that are smaller than the actual yields. While the under measurement may be relatively small for SSBs in dry DNA, it is proposed that the error increases as the DNA solvation shell is filled in, and it increases dramatically when additional SSBs are generated by enzymes recognizing base damage as a substrate. The apparent yield of base damage, measured through the production of SSBs by enzymatic cleavage and using a single-hit Poisson analysis, considerably underestimates the actual yield of enzyme-sensitive base damage.
The yields of clustered damage, on the other hand, appear to be relatively accurate. The yield of DSBs due to deoxyribose damage on opposing strands is 3.5 Ϯ 0.5 nmol/J for fully hydrated pUC18. For an oxidized purine or abasic site on one strand and damage consisting of a purine or abasic site or deoxyribose damage on the opposing strand, the yield is 3.2 Ϯ 0.9 nmol/J. For a reduced pyrimidine or abasic site on the strand opposite a reduced pyrimidine or abasic site or deoxyribose damage, the yield is Ͼ2.3 Ϯ 0.9 nmol/J, where the inequality reflects the possibility that reductive damage is under reported by the assay protocol.
